ABSTRACT: [FeFe]-hydrogenases catalyze the reversible reduction of protons to molecular hydrogen with extremely high efficiency. The active site ("H-cluster") consists of a [4Fe−4S] H cluster linked through a bridging cysteine to a [2Fe] H subsite coordinated by CN − and CO ligands featuring a dithiol-amine moiety that serves as proton shuttle between the protein proton channel and the catalytic distal iron site (Fe d ). Although there is broad consensus that an iron-bound terminal hydride species must occur in the catalytic mechanism, such a species has never been directly observed experimentally. Here, we present FTIR and nuclear resonance vibrational spectroscopy (NRVS) experiments in conjunction with density functional theory (DFT) calculations on an [FeFe]-hydrogenase variant lacking the amine proton shuttle which is stabilizing a putative hydride state. The NRVS spectra unequivocally show the bending modes of the terminal Fe−H species fully consistent with widely accepted models of the catalytic cycle. [FeFe]-hydrogenase is postulated to operate via terminal hydride intermediates.
− and CO ligands featuring a dithiol-amine moiety that serves as proton shuttle between the protein proton channel and the catalytic distal iron site (Fe d ). Although there is broad consensus that an iron-bound terminal hydride species must occur in the catalytic mechanism, such a species has never been directly observed experimentally. Here, we present FTIR and nuclear resonance vibrational spectroscopy (NRVS) experiments in conjunction with density functional theory (DFT) calculations on an [FeFe]-hydrogenase variant lacking the amine proton shuttle which is stabilizing a putative hydride state. The NRVS spectra unequivocally show the bending modes of the terminal Fe−H species fully consistent with widely accepted models of the catalytic cycle. [FeFe]-hydrogenase is postulated to operate via terminal hydride intermediates. 4−7 Studies on synthetic molecular catalysts indeed point to the intermediacy of terminal hydrides, which interact with the pendant amine of the ADT ligand. 8 Several redox and protonation states assumed to be relevant for the catalysis have been identified in the enzyme from Chlamydomonas reinhardtii (CrHydA1) by FTIR. 14 This artificial maturation approach allows selective 57 Fe-labeling of the diiron subsite. The resulting enzyme can be exquisitely characterized using the synchrotronbased NRVS technique that probes vibrational sidebands of the 57 Fe Mossbauer nuclear resonance. NRVS is well suited for selectively investigating the [2 57 Fe] H site of CrHydA1 because only the 57 Fe nuclei contribution to vibrational motion is observed. 18 Of the many analogues of [2Fe] H that have been introduced into the enzyme, 13,15 the ODT variant in which the bridging amine group is replaced by an oxygen, is distinct. The ether group in ODT is much less basic than the amine of ADT, and thus is a poor proton relay. 19 The effect of ODT/ADT exchange is shown by the observation that CrHydA1([2Fe] H -ODT) almost exclusively forms an "H trans -like" state upon artificial maturation. 13 The H trans state is an oxidized inactivated state characterized by a reduced [4Fe−4S] H cluster and an Fe(II)Fe(II) subsite. 20, 21 Because the ODT-variant, similarly to the C169S mutant, 12 features a disrupted proton transfer apparatus as shown in Figure 1b, As shown in Figure 2a ,b, the FTIR spectra of the two samples (H 2 O/D 2 O) suggest that, according to the relative band intensities, more than 70% of the H-clusters adopt the H translike state. Its FTIR signature is virtually identical to that of the putative H hyd species reported by King et al. 10, 11 Of particular interest is the band at 1869 cm −1 assigned to the semibridging As illustrated in Figure 3b ,c, the H/D-variant NRVS spectra are also quite similar in the region from 400 to 600 cm −1 . From previous work, 18 Figure 4 . One of the key features of this mechanism is the role of PCET, 27 which avoids the accumulation of hydride intermediates in the native enzyme. Clearly, some open questions still remain, such as the factors that affect the isomerization equilibrium between H sred H + and H hyd . These could be answered by kinetic (time-resolved) experiments. The general mechanistic insights gained here will be of great importance for the design of synthetic hydrogen conversion catalysts. Author Contributions ¶ E.J.R., C.C.P., and V.P. contributed equally to the paper.
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